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Description

Technical Field

[0001] The present invention relates to a cerium-zirconium-based composite oxide that can be used, for example, as
an exhaust gas purifying catalyst, and a method for producing the same.

Background Art

[0002] Exhaust gas discharged from internal combustion engines of vehicles, etc., or combustion engines, such as
boilers, contains hydrocarbon (HC), carbon monoxide (CO), nitrogen oxide (NOx), and like hazardous substances that
cause air pollution. Efficient purification of these hazardous substances is an important issue in terms of, for example,
prevention of environmental contamination. Exhaust gas purification techniques that can purify these three hazardous
substances at the same time have been actively studied. For example, there is a known technique of purifying the three
hazardous substances at the same time by the catalytic function of catalysts capable of purifying hazardous substances
provided in internal combustion engines or combustion engines. Such catalysts are generally called three-way exhaust-
gas catalysts, and some of them have already been put into practical use.
[0003] In recent years, it is desired for three-way exhaust-gas catalysts for automotive applications to efficiently purify
exhaust gas even when the concentration of hazardous substances (CO, HC, and NOx) rapidly changes from several
ppm to several percent. That is, there is an increasing demand for three-way exhaust-gas catalysts that can flexibly
respond to rapid changes in the concentration of hazardous gas. Moreover, the system for purifying hazardous substances
using such a catalyst is desired to maintain the oxygen concentration at a predetermined level or higher. This is because
oxygen present in exhaust gas promotes the oxidation of CO and HC, and the reduction reaction of NOx, and thus the
function of the purifying system is further improved by maintaining the oxygen concentration at a constant level. However,
for vehicles, it is difficult to maintain a constant engine combustion state because the running state varies depending
on, for example, the degree of road congestion. The oxygen concentration of the exhaust gas also changes continuously.
If the oxygen concentration decreases, the performance of purifying hazardous substances by the catalyst is also
reduced, thereby making it difficult to build a high-performance purifying system. From such a viewpoint, in recent
methods, a compound having an oxygen storage capacity (hereinafter referred to as "OSC") is mixed into exhaust gas
purifying catalysts as an OSC agent. Since the OSC agent can supply oxygen when the oxygen concentration of the
exhaust gas is low, it is easier to prevent a decrease in the function of purifying hazardous substances in the purifying
system.
[0004] Ceria powder is known as an OSC agent. It is clarified that the use of ceria powder, which has a relatively large
OSC, as an OSC agent for exhaust gas purifying catalysts increases the efficiency of treating exhaust gas. Various
proposals have been made so far for ceria-based powder whose oxygen storage capacity and oxygen release properties
are improved, such as ceria-zirconia-based composite oxides, and exhaust gas purifying catalysts using the ceria-based
powder as a co-catalyst.
[0005] For example, PTL 1 discloses a composite oxide in which a solid solution is formed from ceria, a metal or an
oxide of at least one element selected from zirconia and iron, and a metal or an oxide of at least one element selected
from silver and praseodymium. This composite oxide does not use noble metals, such as platinum, and is thus provided
as an inexpensive catalyst. However, expensive elements, such as silver and praseodymium, are used in the catalyst
disclosed in PTL 1 to impart catalytic activity; thus, there is a disadvantage that cost reduction is difficult.
[0006] Moreover, PTL 2 discloses a purifying catalyst comprising catalyst powder consisting of a transition metal oxide,
and an oxygen release material. This purifying catalyst contains iron as the transition metal oxide, cerium as the oxygen
release material, and zirconium as an inorganic oxide, and has a purifying action even though a noble metal is not used
as an essential component. However, this purifying catalyst has limited efficiency of purifying exhaust gas.
[0007] Furthermore, PTL 3 discloses an exhaust purification catalyst comprising a particle containing a noble metal
and a particle containing ceria and zirconia carrying an iron compound. This exhaust purification catalyst has high NOx
conversion efficiency, and uses a less amount of noble metal than conventional catalysts. However, even though the
amount of noble metal used can be reduced, it is necessary to use noble metal elements, such as rhodium; thus, this
catalyst is disadvantageous in terms of cost.
[0008] PTL 4 discloses an auxiliary catalyst for cleaning flue gas in which a noble metal is supported on a composite
oxide of CeO2, ZrO2, and a metal oxide that does not react with CeO2 or ZrO2, wherein the composite oxide has a
pyrochlore phase where Ce and Zr are regularly arranged. In this composite oxide, the metal oxide intervenes between
ceria and zirconia in the composite oxide as a barrier, which suppresses grain growth. The composite oxide thus has a
high specific surface area. In particular, the composite oxide exhibits a high OSC because of the pyrochlore phase where
Ce and Zr are regularly arranged. However, the catalytic activity of the composite oxide is likely to decrease after a heat
treatment at a high temperature, and high temperature durability is problematic.
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[0009] In addition, PTL 5 discloses a catalyst system comprising exhaust emission control catalysts including a first
catalyst supported on an inorganic structure carrier, and a second catalyst (cerium-zirconium-based composite oxide)
different from the first catalyst. PTL 5 also discloses that the cerium-zirconium-based composite oxide, which is the
second catalyst, can be produced by heating and melting a mixture of raw materials of the composite oxide at a tem-
perature equal to or higher than the melting point thereof, cooling the molten material to thereby obtain an ingot, and
grinding the ingot. The catalyst system using exhaust emission control catalysts including such a composite oxide can
particularly efficiently purify NOx. However, even this exhaust emission control catalyst has limited purification efficiency,
and there is still a room for further improvement.
Ceria-zirconia composite oxides containing transition metals and showing a pyrochlore structure are known from WO
2009/101886 A1.

Citation List

Patent Literature

[0010]

PTL 1: JP2005-305363A
PTL 2: JP2010-104973A
PTL 3: JP2012-135716A
PTL 4: JP2003-073123A
PTL 5: JP2008-068225A

Summary of Invention

Technical Problem

[0011] Although various composite oxides for exhaust gas purifying catalysts were proposed, as disclosed in PTL 1
or PTL 5 mentioned above, there was still room for improvement in their exhaust gas purification performance. There
was another problem in that composite oxides containing a noble metal increased production costs. Furthermore, the
OSC of the composite oxides disclosed in the above patent literature had the possibility of decreasing when they were
exposed to a high temperature, and their heat resistance was problematic.
[0012] The present invention has been made in view of the above problems. An object of the present invention is to
provide a cerium-zirconium-based composite oxide that has a pyrochlore phase stably present in the crystal structure
even when the composite oxide is exposed to a high temperature for a long period of time, and that has a high OSC
and excellent exhaust gas purification performance; and to also provide a method for producing the cerium-zirconium-
based composite oxide.

Solution to Problem

[0013] As described above, development of composite oxides for exhaust gas purifying catalysts containing a less
amount of noble metal has been actively promoted; however, there are no sufficient studies for composite oxides in
which noble metals are not mixed, but a third element other than noble metals is directly mixed. Accordingly, the present
inventors focused on the above points, and studied to further improve the purification performance of composite oxides
by, for example, mixing a third element into a cerium-zirconium-based composite oxide, and performing specific steps
in the production of the composite oxide. As a result of extensive research, the present inventors found that the above
object can be achieved by a cerium-zirconium composite oxide in which a specific crystal structure is maintained even
when the composite oxide is exposed to a high temperature for a long period of time. Thus, the present invention has
been completed.

Advantageous Effects of Invention

[0014] The cerium-zirconium-based composite oxide of the present invention has a specific crystal structure even
after a heat treatment at 1,000°C to 1,100°C for 3 hours. Accordingly, the composite oxide is a material having high heat
resistance, and has an excellent OSC and high catalytic activity before and after a heat treatment.
[0015] Moreover, according to the production method of the present invention, the distance between the metals in the
obtained composite oxide is small, and the degree of solid solution is high; therefore, a cerium-zirconium-based composite
oxide in which a pyrochlore phase is stably present can be easily obtained. Furthermore, the composite oxide obtained
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by the above production method has an excellent OSC and high catalytic activity.

Brief Description of Drawings

[0016]

Fig. 1 is a flowchart showing an example of the process for producing the cerium-zirconium-based composite oxide
of the present invention.
Fig. 2 is a flowchart showing another example of the process for producing the cerium-zirconium-based composite
oxide of the present invention.
Fig. 3 shows X-ray charts obtained by XRD analysis of the cerium-zirconium-based composite oxides of Examples
1 to 3 and Comparative Example 1; (a) is an X-ray chart before a heating endurance test (before a heat treatment
at 1,000°C for 3 hours), and (b) is an X-ray chart after a heating endurance test (after a heat treatment at 1,000°C
for 3 hours).
Fig. 4 shows X-ray charts obtained by XRD analysis of the cerium-zirconium-based composite oxides of Examples
8 to 11 and Comparative Example 1; (a) is an X-ray chart before a heating endurance test (before a heat treatment
at 1,000°C for 3 hours), and (b) is an X-ray chart after a heating endurance test (after a heat treatment at 1,000°C
for 3 hours).
Fig. 5 is a graph showing the measurement results of the oxygen absorption rate of the cerium-zirconium-based
composite oxides of Examples 1 to 3 and Comparative Example 1 at 600°C and 750°C before or after a heating
endurance test (a heat treatment at 1,000°C or 1,100°C for 3 hours).
Fig. 6 is a graph showing the measurement results of the oxygen absorption rate of the cerium-zirconium-based
composite oxides of Examples 8 to 11 and Comparative Example 1 at 450°C, 600°C, and 750°C before or after a
heating endurance test (a heat treatment at 1,000°C for 3 hours).
Fig. 7 shows profiles of temperature programmed reduction of the cerium-zirconium-based composite oxides of
Examples 1 to 3 and Comparative Example 1; (a) is a profile before a heating endurance test (before a heat treatment
at 1,000°C for 3 hours), and (b) is a profile after a heating endurance test (after a heat treatment at 1,000°C for 3 hours).
Fig. 8 shows profiles of temperature programmed reduction of the cerium-zirconium-based composite oxides of
Examples 8 to 11 and Comparative Example 1; (a) is a profile before a heating endurance test (before a heat
treatment at 1,000°C for 3 hours), and (b) is a profile after a heating endurance test (after a heat treatment at 1,000°C
for 3 hours).
Fig. 9 is a schematic explanatory view showing an example of a melting apparatus (an arc electric furnace) used
to produce the cerium-zirconium-based composite oxide of the present invention.

Description of Embodiments

[0017] Embodiments of the present invention are described in detail below. In the present specification, "%" indicates
"wt% = mass%" unless otherwise particularly specified.

1. Cerium-Zirconium-Based Composite Oxide

[0018] The cerium-zirconium-based composite oxide comprises cerium, zirconium, and a third element other than
these elements. The third element is (a) a transition metal element or (b) at least one or more elements selected from
the group consisting of rare earth elements and alkaline earth metal The transition element (a) is iron and the rare earth
element (b) is at least one selected from lanthanum and yttrium. Moreover the cerium-zirconium-based composite oxide
characteristically has the following structures (1) to (3) when it is heated in a temperature range of 1,000°C to 1,100°C
for 3 hours:

(1) the composite oxide has a crystal structure containing a pyrochlore phase;
(2) when the peak intensity of a (111) plane measured by an X-ray diffraction method is regarded as I111, and the
peak intensity of a (222) plane is regarded as 1222, a value of {I111/(I111+I222)} x 100 is 1 or more; and
(3) the composite oxide has an oxygen storage capacity at 600°C of 0.05 mmol/g or more, and an oxygen storage
capacity at 750°C of 0.3 mmol/g or more.

[0019] The cerium-zirconium-based composite oxide with the above structures has an excellent OSC, high catalytic
activity, and high heat resistance.
[0020] From here on, "cerium-zirconium-based composite oxide" is abbreviated as "composite oxide." Further, "oxygen
storage capacity" is abbreviated as "OSC."
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[0021] Moreover, the composite oxide wherein the third element is a transition metal element (a) is referred to as the
"composite oxide of the first embodiment," and the composite oxide wherein the third element is at least one or more
elements selected from the group consisting of rare earth elements and alkaline earth metal elements (b) is referred to
as the "composite oxide of the second embodiment." The simple expression "composite oxide" refers to "the composite
oxide of the first embodiment" and or "the composite oxide of the second embodiment," or both.
[0022] The composite oxide of the first embodiment is a compound that comprises at least cerium (Ce), zirconium
(Zr), and a transition metal element (a) other than Ce and Zr as essential elements, and that is formed as a composite
of several types of oxides.
[0023] The content ratio of iron contained in the composite oxide of the first embodiment is 0.01 to 10 mol% in terms
of oxide. In this case, there is less possibility that the OSC decreases to reduce catalytic activity. Further, in the production
of the composite oxide of the first embodiment, defects, such as a reduction in the dispersibility of the transition metal
element, are less likely to occur. Therefore, when the content ratio of iron in the composite oxide of the first embodiment
is within the above range, the OSC of the composite oxide can be improved to increase catalytic activity and further
increase heat resistance. The content ratio of iron contained in the composite oxide of the first embodiment is preferably
0.05 to 5 mol%, and more preferably 0.1 to 1 mol%.
[0024] On the other hand, the composite oxide of the second embodiment is a compound that comprises at least
cerium (Ce), zirconium (Zr), and at least one or more elements selected from the group consisting of rare earth elements
and alkaline earth metal elements (b), and that is formed as a composite of several types of oxides.
[0025] From here on, at least one or more elements selected from the group consisting of rare earth elements and
alkaline earth metal elements are also referred to simply as "the element (b)."
[0026] The rare earth element is at least one of lanthanum and yttrium. In this case, the composite oxide exhibits
higher catalytic activity, and has further increased heat resistance.
[0027] Moreover, the above alkaline earth metal element is not particularly limited. Examples thereof include strontium,
calcium, magnesium, and the like. Among these, the alkaline earth metal element is preferably at least one of calcium
and magnesium. In this case, the composite oxide of the second embodiment exhibits higher catalytic activity, and has
further increased heat resistance.
[0028] The content ratio of the element (b) contained in the composite oxide of the second embodiment is not particularly
limited. For example, the content ratio can be 0.01 to 30 mol% in terms of oxide. In this case, there is less possibility
that the OSC decreases to reduce catalytic activity. Further, in the production of the composite oxide of the second
embodiment, defects, such as difficulty in obtaining target fired materials, are less likely to occur. Therefore, when the
content ratio of the third element in the composite oxide of the second embodiment is within the above range, the OSC
of the composite oxide can be improved to increase catalytic activity and further increase heat resistance. The content
ratio of the third element contained in the composite oxide of the second embodiment is 0.01 to 10 mol%, and more
preferably 0.1 to 1 mol%.
[0029] The contents of cerium and zirconium contained in the composite oxides of the first and second embodiments
are not limited. For example, their contents can be determined so that the molar ratio of cerium and zirconium is 1:9 to
9:1 (i.e., CeO2:ZrO2 = 1:9 to 9:1) in terms of oxide. Because the molar ratio (CeO2:ZrO2) of cerium and zirconium in
terms of oxide is within the above range, the composite oxide has a more excellent OSC, exhibits high catalytic activity,
and has improved heat resistance. The molar ratio of cerium and zirconium is preferably 2:8 to 8:2 (i.e., CeO2:ZrO2 =
2:8 to 8:2), more preferably 3:7 to 7:3 (i.e., CeO2:ZrO2 = 3:7 to 7:3), and particularly preferably 4:6 to 6:4 (i.e., CeO2:ZrO2
= 4:6 to 6:4).
[0030] The composite oxide may contain elements other than cerium, zirconium, and the third element, as long as the
OSC, catalytic activity, and heat resistance of the composite oxide are not impaired. The composite oxide may inevitably
contain impurities, such as hafnium oxide.
[0031] The crystal structure of the composite oxides of the first and second embodiments has a pyrochlore phase-
type regular arrangement phase. Accordingly, the composite oxides have high heat resistance, and have a higher level
of OSC even after they are exposed to a high temperature. The composite oxides may contain a crystal phase other
than the pyrochlore phase, as long as the OSC, catalytic activity, and heat resistance are not impaired.
[0032] In the composite oxides of the first and second embodiments, when the peak intensity of a (111) plane measured
by an X-ray diffraction method is regarded as I111, and the peak intensity of a (222) plane is regarded as 1222, the
value of the formula {I111/(I111+I222)} x 100 is 1 or more. The (111) plane and the (222) plane are displayed as the
Miller index. The Miller index refers to an index for describing the crystal plane and direction in the crystal lattice. For
the above composite oxides, in an X-ray chart obtained by measurement using an X-ray diffraction method, a diffraction
peak appearing at 2θ = 14 to 15° can be regarded as the (111) plane, and a diffraction peak appearing at 2θ = 28.5 to
30.5° can be regarded as the (222) plane.
[0033] From here on, the formula {I111/(I111+I222)} x 100 is also referred to simply as "T value."
[0034] When the T value is 1 or more, the crystal structure of the composite oxide contains a pyrochlore phase. Further,
even after the composite oxide is heated at a high temperature, e.g., in a temperature range of 1,000°C to 1,100°C, for
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3 hours, the OSC is less likely to decrease, and the composite oxide has high heat resistance. When the T value is 0,
the crystal structure of the composite oxide cannot contain a pyrochlore phase. The T value is particularly preferably 2
or more. In this case, the OSC is more excellent, and the heat resistance is further improved.
[0035] The change in the crystal structure of the composite oxide before and after a heat treatment can be determined
by an X-ray diffraction method (XRD) using an X-ray diffraction apparatus. For example, when a sharp peak is observed
at around 2θ/° = 15 in an X-ray chart obtained by XRD of the composite oxide, it can be determined that the crystal
structure of the composite oxide contains a pyrochlore phase. The specific analysis of the crystal structure from the X-
ray chart obtained by XRD is described in detail in Examples, provided later.
[0036] The specific surface area of the composite oxides of the first and second embodiments is not limited, but is
about 0.1 to 50 m2/g. It is generally considered that the OSC of a composite oxide increases in proportion to its specific
surface area. The specific surface area of the composite oxides of the first and second embodiments is much smaller
than that of conventional cerium-zirconium-based composite oxides. Nevertheless, the composite oxides of the first and
second embodiments both have an excellent OSC. The reason for this is considered to be that the composite oxides
contain cerium, zirconia, and a third element, and the third element is in a solid solution state in the composite oxides,
allowing a pyrochlore phase to be stably present in their crystal structure. It is also considered that because the pyrochlore
phase is stable in the crystal structure, the OSC is less likely to decrease even after a high-temperature heat treatment,
and that consequently, the heat resistance is improved. The third element may be entirely or partially in a solid solution
state in the composite oxides.
[0037] The composite oxide of the first embodiment can have an OSC at 600°C of 0.3 mmol/g or more, and an OSC
at 750°C of 0.4 mmol/g or more. Moreover, in the composite oxide of the first embodiment, the oxygen absorption and
release initiation temperature before heat treatment is 700°C or less, and the oxygen absorption and release initiation
temperature after a heat treatment at 1,000°C to 1100°C for 3 hours is 400°C or less. Because the oxygen absorption
and release initiation temperature of the composite oxide before heat treatment is 700°C or less, the oxygen storage
function works even in a low temperature region. A particularly noteworthy point is that the oxygen absorption and release
initiation temperature is 400°C or less after a heat treatment at 1,000°C to 1,100°C for 3 hours, that is, after a heating
resistance test is conducted, and that the oxygen storage function can work even at a lower temperature than the
temperature before the heating resistance test.
[0038] Moreover, even after the composite oxide of the first embodiment is heated at 1,000°C to 1100°C for 3 hours,
the OSC can be 0.3 mmol/g or more at 600°C, and 0.4 mmol/g or more at 750°C. Therefore, the composite oxide of the
first embodiment can be a material that can maintain a high OSC even after a heating endurance test is conducted.
[0039] On the other hand, the composite oxide of the second embodiment can have an OSC at 450°C of 0.01 mmol/g
or more, an OSC at 600°C of 0.05 mmol/g or more, and an OSC at 750°C of 0.3 mmol/g or more. Moreover, in the
composite oxide of the second embodiment, the oxygen absorption and release initiation temperature before heat
treatment is 600°C or less, and the oxygen absorption and release initiation temperature after a heat treatment at 1,000°C
to 1,100°C for 3 hours is 500°C or less. Because the oxygen absorption and release initiation temperature of the composite
oxide before heat treatment is 600°C or less, the oxygen storage function works even in a low temperature region. Similar
to the first embodiment, a particularly noteworthy point is that the oxygen absorption and release initiation temperature
is 500°C or less after a heat treatment at 1,000°C to 1,100°C for 3 hours, that is, after a heating resistance test is
conducted, and that the oxygen storage function can work even at a lower temperature than the temperature before the
heating resistance test.
[0040] Moreover, even after the composite oxide of the second embodiment is heated at 1,000°C to 1,100°C for 3
hours, the OSC at 450°C can be 0.01 mmol/g or more. Therefore, the composite oxide of the second embodiment can
be a material that can maintain a high OSC even after a heating endurance test is conducted.
[0041] Because a pyrochlore phase is stably present in the composite oxides of both the first and second embodiments,
as described above, they have an excellent OSC and consequently exhibit high catalytic activity, even though they do
not contain noble metal elements. Furthermore, because the crystal structure is stable even after a heat treatment at
1,000°C to 1,100°C for 3 hours, they can maintain a high OSC even after the heat treatment, and can be materials
having high heat resistance. Therefore, the above composite oxides are materials that can be applied to various catalysts,
such as exhaust gas purifying catalysts, and can be suitably used as OSC agents for building high-performance purifying
systems.
[0042] The OSC of the cerium-zirconium-based composite oxide can be measured in the following manner. First, the
oxygen release initiation temperature and the amount of oxygen released can be determined by temperature-programmed
reduction using hydrogen, which is called H2-TPR. In this measurement, a commercially available measuring device
(BEL Japan Inc., "Multitask T.P.R.") can be used. Further, the amount of oxygen absorbed can be determined by the
O2 pulse method.
[0043] For example, the amount of oxygen absorbed can be measured through the following processes (a) to (g) in
this order:
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(a) The composite oxide is ground to form a powder, and 0.2 g of the powder is weighed.
(b) The weighed powder is set in a flow-type reactor, the temperature of the atmosphere is raised to 600°C in a He
flow, and the temperature is maintained for 1 hour.
(c) The temperature of the composite oxide is adjusted to a predetermined temperature.
(d) A predetermined amount of oxygen is introduced into the atmosphere.
(e) The amount of unabsorbed oxygen is confirmed with a thermal conductivity detector (TCD).
(f) The introduction of a predetermined amount of oxygen into the atmosphere in (d), and the confirmation of the
amount of unabsorbed oxygen in (e) are repeated until the amount of oxygen introduced and the amount of unab-
sorbed oxygen are equivalent.
(g) The amount of oxygen absorbed, i.e., the OSC amount, is calculated by calculation. This calculation can be
conducted by subtracting the amount of unabsorbed oxygen from the previously determined amount of oxygen
introduced.

2. Method for Producing Cerium-Zirconium-Based Composite Oxide

[0044] Next, embodiments of the method for producing the above composite oxides are described. The production
method of the present invention is not limited to these embodiments.
[0045] The composite oxides can be produced by a production process according to claim 7 comprising steps 1 to 5
in the following (1) to (5):

(1) step 1 of preparing a starting material comprising a cerium raw material, a zirconium raw material, a third element
raw material other than these materials, wherein the third element raw material is:

(a) a transition metal element raw material or
(b) at least one material selected from the group consisting of rare earth element raw materials and alkaline
earth metal element raw materials;

(2) step 2 of heating the starting material at a temperature at or above a melting point by heating with an electric
energy of 600 to 800 kWh/kg in terms of electric power consumption, and then heating with an electric energy of
800 to 1,000 kWh/kg in terms of electric power consumption, thereby obtaining a molten material;
(3) step 3 of gradually cooling the molten material to form an ingot;
(4) step 4 of grinding the ingot into a powder; and
(5) step 5 of heating the powder at 700 to 1,100°C. Each step is described in detail below.

Step 1

[0046] Step 1 is a step of preparing a starting material comprising a cerium raw material, a zirconium raw material,
and a third element raw material other than cerium and zirconium. The third element raw material is (a) a transition metal
element raw material or (b) at least one or more element raw materials selected from the group consisting of rare earth
element raw materials and alkaline earth metal element raw materials.
[0047] When a transition metal element raw material (a) is used as the third element raw material in step 1, the
composite oxide of the first embodiment can be produced. When at least one member selected from the group consisting
of rare earth element raw materials and alkaline earth metal element raw materials (b) is used as the third element raw
material in step 1, the composite oxide of the second embodiment can be produced.
[0048] The cerium raw material used in step 1 is a material for introducing a cerium element into the composite oxide.
The cerium raw material is not particularly limited, but is preferably cerium oxide. The cerium oxide can be synthesized
from various raw materials, such as nitrate, carbonate, sulfate, acetate, chloride, and bromide. Moreover, the cerium
raw material may be a composite oxide of cerium and an element including at least one of zirconium and a transition
metal element. The cerium raw material may contain a compound such as nitrate, carbonate, sulfate, chloride, or bromide
of cerium or zirconium.
[0049] The zirconium raw material used in step 1 is a material for introducing a zirconium element into the composite
oxide. The zirconium raw material is not particularly limited. Examples thereof include various zirconium-based materials,
such as baddeleyite, desiliconized zirconia, and zirconium oxide; zirconium materials containing zirconium oxide; and
the like. Zirconium oxide can be synthesized from various raw materials, such as nitrate, carbonate, sulfate, acetate,
chloride, and bromide. Moreover, the zirconium raw material may be a composite oxide of zirconium and an element
including at least one of cerium and a transition metal element. The zirconium raw material may contain a compound,
such as nitrate, carbonate, sulfate, chloride, or bromide of cerium or zirconium.
[0050] The third element raw material used in step 1 is a material for introducing a third element into the composite
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oxide. Among the third element raw materials, the transition metal element raw material is a material for introducing a
transition metal element into the composite oxide, the rare earth element raw material is a material for introducing a rare
earth element into the composite oxide, and the alkaline earth metal element raw material is a material for introducing
an alkaline earth metal element into the composite oxide. From here on, the rare earth element raw materials or alkaline
earth metal elements are also collectively referred to as "the element raw material (b)."
[0051] The transition metal element raw material is not particularly limited. For example, a compound such as an oxide
may be used as the transition metal element raw material. Iron oxide is preferable. The iron oxide can be synthesized
from various raw materials, such as nitrate, carbonate, sulfate, acetate, chloride, and bromide. Moreover, the transition
metal element raw material may be a composite oxide of a transition metal element and an element including at least
one of cerium and zirconium.
[0052] The rare earth element (except for cerium) raw material is not particularly limited. The rare earth element raw
material may be a compound such as an oxide. In this case, the obtained composite oxide exhibits higher catalytic
activity and has increased heat resistance. Lanthanum oxide can be synthesized from various raw materials, such as
nitrate, carbonate, sulfate, acetate, chloride, and bromide. Yttrium oxide can also be synthesized from various raw
materials, such as nitrate, carbonate, sulfate, acetate, chloride, and bromide.
[0053] The alkaline earth metal element raw material is also not particularly limited. Examples thereof include strontium,
calcium, magnesium, and the like. Alternatively, the alkaline earth metal element raw material may be a compound such
as an oxide containing at least one element selected from the materials listed above. The alkaline earth metal element
raw material is more preferably at least one or more materials selected from the group consisting of strontium, calcium,
and magnesium; or at least one or more oxides selected from the group consisting of strontium oxide, calcium oxide,
and magnesium oxide. In this case, the obtained composite oxide exhibits higher catalytic activity and has increased
heat resistance. Calcium oxide and magnesium oxide can be synthesized from various raw materials, such as nitrate,
carbonate, sulfate, acetate, chloride, and bromide.
[0054] The rare earth element raw material may be a composite oxide of a rare earth element, an element including
at least one of cerium and zirconium, and an alkaline earth metal element. Similarly, the alkaline earth metal element
raw material may be a composite oxide of an alkaline earth metal element, an element including at least one of cerium
and zirconium, and a rare earth element.
[0055] Although the purity of the cerium raw material, zirconium raw material, and third element raw material is not
particularly limited, the purity is preferably 99.9% or more because the purity of the target product can be increased.
Each of the cerium raw material, zirconium raw material, and third element raw material may contain other substances,
as long as the characteristics of the composite oxide are not impaired. Examples of other substances include nitrate,
carbonate, sulfate, chloride, bromide, or the like of cerium or zirconium.
[0056] In step 1, a starting material can be obtained by preparing predetermined amounts of the above cerium raw
material, zirconium raw material, and third element raw material, and mixing them. The method of mixing the raw materials
is not particularly limited. The thus-obtained starting material is, for example, a mixture of various oxides mentioned
above, or a composite oxide comprising cerium, zirconium, and the third element.

Step 2

[0057] Step 2 is a step of melting the starting material prepared in step 1 by applying a predetermined amount of heat
to the starting material using a melting apparatus, etc. In this step, all of the raw materials are melted. In this case, the
obtained composite oxide has a stable crystal structure, and can have a high OSC. All of the raw materials can be melted
by applying heat to the starting material so that the temperature is equal to or higher than the highest melting point
among the melting points of the raw materials contained in the starting material.
[0058] The method of melting the starting material is not particularly limited. Examples of the melting method include
an arc-melting method, a high-frequency heat plasma method, and the like. Of these, a general electric melting method,
i.e., a melting method that uses an arc electric furnace, is preferably employed.
[0059] The starting material may be heated by, for example, applying heat with an electric energy of 600 to 800 kWh/kg
in terms of electric power consumption, and then applying heat with an electric energy of 800 to 1,000 kWh/kg in terms
of electric power consumption. As a result of the heating, the starting material can be heated to a temperature higher
than the highest melting point among the melting points of the raw materials contained in the starting material, and a
molten material of the starting material can be obtained.
[0060] As described above, step 2 includes a two-step heating process. The starting material may be almost melted
in the first heating step, and the starting material may be completely melted in the subsequent second heating step.
Without such a two-step heating process, the eventually obtained composite oxide may hardly form a crystal structure
containing a pyrochlore phase, and a composite oxide having an excellent OSC may not be obtained. Further, without
such a two-step heating process, it is difficult to sufficiently melt the composite oxide, and the composite oxide is in a
uneven state as a whole. As a result, the specific surface area of the obtained composite oxide shows variation, and
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sufficient catalytic activity cannot be obtained.
[0061] Moreover, when an arc electric furnace is used as the melting apparatus, damage to the apparatus can be
minimized by dividing the heating process into two steps, as described above, and there is also an advantage that
heating can be performed safely and sufficiently. Specifically, when the starting material containing cerium oxide is
heated and melted, the following chemical reaction: "CeO2 → 1/2 Ce2O3 + 1/4 O2" occurs in the melting apparatus.
[0062] As shown in Fig. 9, an arc electric furnace A generally has a carbon layer C on the bottom surface. In the
beginning of heating, the carbon layer C and electrodes E provided in the arc electric furnace A are in contact with each
other. When the melting reaction proceeds, the molten material enters between the carbon layer C and the electrodes
E; therefore, the position of the electrodes E is adjusted so that the electrodes E are gradually separated from the carbon
layer C. In the melting step, oxygen generated in the chemical reaction of cerium oxide reacts with the carbon layer C
to form carbon dioxide, thereby leading to a phenomenon that the carbon layer C is corroded. When the carbon layer
C is thus corroded, a hole is formed in the carbon layer C; therefore, the risk of leakage of the molten material increases,
and it is necessary to exchange the carbon layer C. Therefore, in the first heating step, heating is gently performed so
that the molten material enters between the carbon layer C and the electrodes E. Next, the position of the electrodes E
is adjusted, and when the distance between the carbon layer C and the electrodes E is sufficiently apart, the second
heating step is performed.
[0063] Due to such a heating method, heating can be safely performed, and damage to the apparatus can be sup-
pressed. Further, a uniform molten material, i.e., a molten material in which the raw materials are uniformly mixed, can
be obtained.
[0064] The amount of electric energy applied in the first heating step is preferably 625 to 775 kWh/kg, and more
preferably 650 to 750 kWh/kg, in terms of electric power consumption. In the first heating step, it is preferable to apply
electric energy for 1 to 3 hours. Moreover, the amount of electric energy applied in the second heating step is 825 to
975 kWh/kg, and more preferably 850 to 950 kWh/kg, in terms of electric power consumption. In the second heating
step, it is preferable to apply electric energy for 6 to 10 hours, preferably 6 to 8 hours, and more preferably 7 to 8 hours.
When the above electric energy amounts and heating time are employed, the eventually obtained composite oxide easily
forms a crystal structure containing a pyrochlore phase, and has a further improved OSC and excellent catalytic activity.
[0065] When the melting method using an arc electric furnace is employed, a predetermined amount of a conductive
material, such as coke, may be previously added to the starting material before heating is performed, in order to facilitate
the initial energization. However, the amount of coke added, etc., are suitably changed depending on the mixing ratio
of the raw materials used in step 1.
[0066] The atmosphere during the melting of the starting material in step 2 is not particularly limited; the melting may
be performed in air, a nitrogen atmosphere, or an inert gas atmosphere, such as argon or helium. The pressure during
the melting is also not particularly limited, and may be atmospheric pressure, increased pressure, or reduced pressure.
Usually, an atmospheric pressure is applied.

Step 3

[0067] Step 3 is a step of gradually cooling the molten material obtained in step 2 to form an ingot.
[0068] The method of forming an ingot is not particularly limited. For example, when the melting of step 3 is performed
in an electric furnace, the electric furnace is covered with a carbon lid, and the molten material is gradually cooled over
20 to 60 hours. The time of gradual cooling is preferably 30 to 50 hours, more preferably 35 to 45 hours, and even more
preferably 35 to 40 hours. Moreover, the molten material is gradually cooled in air so that the temperature of the molten
material is 100°C or less, and preferably 50°C or less. When there is a possibility that the temperature of the molten
material rapidly decreases, and that the time of gradual cooling is shorter than 20 to 60 hours, a rapid temperature
decrease in the molten material can be avoided by, for example, suitably heating the molten material in the gradual
cooling step.
[0069] When the molten material is gradually cooled while avoiding a rapid temperature decrease in the molten material
in the gradual cooling step, as described above, the elements contained in the raw materials are likely to form a solid
solution. This enables the eventually obtained composite oxide to easily form a crystal structure having a stable pyrochlore
phase even in a high temperature region.

Step 4

[0070] Step 4 is a step of grinding the ingot obtained in step to form a powder.
[0071] The method of grinding the ingot is not particularly limited. For example, the ingot is ground by a grinder, such
as a jaw crusher or a roll crusher. The grinding may be performed by using a plurality of grinders in combination. In
terms of the handling of the powder in the subsequent step, the ingot may be ground so that the ground powder has an
average particle diameter of 3 mm or less, and preferably 1 mm or less. The ground ingot may be classified. For example,
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a sieve can be used to collect a powder having a desired average particle diameter.

Step 5

[0072] Step 5 is a step of heating the powder obtained in step 4 in an atmosphere of 700 to 1,100°C.
[0073] When the above heating is performed, it is preferable to previously subject the powder to magnetic separation
to separate impurities, etc. Then, the powder may be heated using, for example, an electric furnace, in an atmosphere
of 700 to 1,100°C. The powder is heated and fired by this heating, and suboxides formed in the melting step or strains
induced in the crystal due to supercooling in step 3 can be removed. The heating temperature is preferably 700°C to
1,000°C, and more preferably 600°C to 900°C. In either case, the suboxides and the strains within the crystal are more
likely to be removed. Moreover, the heating time is not particularly limited, but can be, for example, 1 to 5 hours, and
preferably 2 to 3 hours. The heating may be performed in air or in an oxygen atmosphere.
[0074] In step 5, a solid or powdery composite oxide is obtained as a product. The product may be further finely ground
using a grinder, such as a planetary mill, a ball mill, or a jet mill, depending on the application purpose of the composite
oxide. When the product is finely ground, the product may be treated by a grinder mentioned above for about 5 to 30
minutes. Moreover, when the product is finely ground as described above, the average particle diameter of the composite
oxide is, for example, 0.3 to 2.0 mm, and preferably 0.5 to 1.5 mm. The average particle diameter of the composite oxide
can be measured by using a laser diffraction/scattering analyzer or the like.
[0075] As described above, a cerium-zirconium-based composite oxide can be produced in a simple manner through
the production process comprising steps 1 to 5. According to the above production method, the starting material is heated
to a molten state, and the eventually produced composite oxide is thereby obtained as a solid solution. The above
production method essentially comprises steps 1 to 5, and may comprise other steps, as necessary.
[0076] In the composite oxide obtained by the above production method, the distance between the metals is small in
the crystal structure, and the degree of solid solution is high; therefore, a pyrochlore phase is stably present therein.
Accordingly, the OSC of the composite oxide obtained by the above production method is easily improved, and the
composite oxide tends to exhibit high catalytic activity. Furthermore, because a pyrochlore phase is stably present, the
oxygen storage capacity is excellent even when the composite oxide is heated at a high temperature (heat treatment at
1,000°C to 1,100°C for 3 hours). Specifically, the composite oxide of the first embodiment, which is produced by using
a transition metal element raw material (a) as the third element raw material, has an oxygen storage capacity at 600°C
of 0.3 mmol/g or more, and an oxygen storage capacity at 750°C of 0.4 mmol/g or more; thus, an excellent OSC is
maintained. Furthermore, the composite oxide of the second embodiment, which is produced by using at least one
member selected from the group consisting of rare earth element raw materials and alkaline earth metal element raw
materials (b) as the third element raw material, has an OSC at 450°C of 0.01 mmol/g or more, an OSC at 600°C of 0.05
mmol/g or more, and an OSC at 750°C of 0.3 mmol/g or more; thus, an excellent OSC is maintained.
[0077] Accordingly, the composite oxide obtained by the above production method is a material that can be suitably
applied to various catalysts, such as exhaust gas purifying catalysts, and can be suitably used as an OSC agent for
building a high-performance purifying system.

Examples

[0078] The present invention is described in more detail below with reference to Examples. However, the scope of
the present invention is not limited to the following Examples. The materials obtained in the Examples and Comparative
Example contain hafnium oxide as an inevitable impurity in an amount of 1 to 2 wt.% based on the amount of zirconium
oxide.

Example 1

[0079] High-purity zirconium oxide (purity: 99.9%, produced by Daiichi Kigenso Kagaku Kogyo Co., Ltd.) as a zirconium
raw material, and high-purity cerium oxide (purity: 99.9%, produced by Mitsuwa Chemicals Co., Ltd.) as a cerium raw
material were prepared. Further, high-purity iron oxide (purity: 99.9%, produced by Wako Pure Chemical Ind. Ltd.) was
prepared as a transition metal element raw material.
[0080] Production was performed according to the procedures of the production process shown in Fig. 1 using the
above raw materials. First, the high-purity zirconium oxide (4.17 kg), the high-purity cerium oxide (5.82 kg), and the high-
purity iron oxide (0.01 kg) were each taken, and these raw materials were mixed to obtain a starting material (step 1).
Next, the starting material was melted in an arc electric furnace at 2,200°C or more by heating for 2 hours with an electric
energy of 650 kWh/kg in terms of electric power consumption, and then heating for 6 hours with an electric energy of
900 kWh/kg in terms of electric power consumption (step 2). The starting material was completely melted in this step.
In the melting step, 500 g of coke was used in order to facilitate the initial energization.
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[0081] After the completion of melting, the electric furnace was covered with a carbon lid, and the molten mixture was
slowly cooled in air over a period of 24 hours to obtain an ingot (step 3). The thus-obtained ingot was ground to 3 mm
or less using a jaw crusher and a roll crusher, and then sieved to collect a powder of 1 mm or less (step 4). Next, the
obtained powder was subjected to a heat treatment in air in an electric furnace at 800°C for 3 hours to remove suboxides
formed in the preceding melting step or to remove strains induced in the crystal due to undercooling (step 5). The product
obtained by the heat treatment was then ground for 10 minutes using a planetary mill to thereby obtain a powdery
composite oxide.

Example 2

[0082] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.15 kg, the amount of high-purity cerium
oxide was changed to 5.80 kg, and the amount of high-purity iron oxide was changed to 0.05 kg.

Example 3

[0083] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.06 kg, the amount of high-purity cerium
oxide was changed to 5.67 kg, and the amount of high-purity iron oxide was changed to 0.27 kg.

Example 4 (not according to the invention)

[0084] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.82 kg, and 0.12 kg of high-purity manganese oxide (produced by Mitsuwa Chemicals Co., Ltd.)
was used in place of the high-purity iron oxide.

Example 5 (not according to the invention)

[0085] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.82 kg, and 0.10 kg of high-purity nickel oxide (produced by Mitsuwa Chemicals Co., Ltd.) was
used in place of the high-purity iron oxide.

Example 6 (not according to the invention)

[0086] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.82 kg, and 0.11 kg of high-purity copper oxide (produced by Mitsuwa Chemicals Co., Ltd.) was
used in place of the high-purity iron oxide.

Example 7 (not according to the invention)

[0087] A composite oxide was produced in the same manner as in Example 1, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.82 kg, and 0.11 kg of high-purity cobalt oxide (produced by Mitsuwa Chemicals Co., Ltd.) was
used in place of the high-purity iron oxide.

Example 8

[0088] High-purity zirconium oxide (purity: 99.9%, produced by Daiichi Kigenso Kagaku Kogyo Co., Ltd.) as a zirconium
raw material, and high-purity cerium oxide (purity: 99.9%, produced by Mitsuwa Chemicals Co., Ltd.) as a cerium raw
material were prepared. Further, high-purity lanthanum oxide (purity: 99.9%, produced by Wako Pure Chemical Ind.
Ltd.) was prepared as a rare earth element raw material.
[0089] Production was performed according to the procedures of the production process shown in Fig. 2 using the
above raw materials. First, the high-purity zirconium oxide (3.94 kg), the high-purity cerium oxide (5.51 kg), and the high-
purity lanthanum oxide (0.55 kg) were each taken, and these raw materials were mixed to obtain a starting material
(step 1). Next, the starting material was melted in an arc electric furnace at 2,200°C or more by heating for 2 hours with
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an electric energy of 650 kWh/kg in terms of electric power consumption, and then heating for 6 hours with an electric
energy of 900 kWh/kg in terms of electric power consumption (step 2). The starting material was completely melted in
this step. In the melting step, 500 g of coke was used in order to facilitate the initial energization.
[0090] After the completion of melting, the electric furnace was covered with a carbon lid, and the molten mixture was
slowly cooled in air over a period of 24 hours to obtain an ingot (step 3). The thus-obtained ingot was ground to 3 mm
or less using a jaw crusher and a roll crusher, and then sieved to collect a powder of 1 mm or less (step 4). Next, the
obtained powder was subjected to a heat treatment in air in an electric furnace at 800°C for 3 hours to remove suboxides
formed in the preceding melting step or to remove strains induced in the crystal due to undercooling (step 5). The product
obtained by the heat treatment was then ground for 10 minutes using a planetary mill to thereby obtain a powdery
composite oxide.

Example 9

[0091] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.01 kg, the amount of high-purity cerium
oxide was changed to 5.60 kg, and 0.39 kg of high-purity yttrium oxide (purity: 99.99%, produced by Wako Pure Chemical
Ind. Ltd.) was used in place of the high-purity lanthanum oxide.

Example 10

[0092] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.01 kg, the amount of high-purity cerium
oxide was changed to 5.60 kg, and 0.14 kg of high-purity magnesium oxide (purity: 99.9%, produced by Konoshima
Chemical Co., Ltd.) was used as an alkaline earth metal element raw material in place of the high-purity lanthanum oxide.

Example 11

[0093] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.09 kg, the amount of high-purity cerium
oxide was changed to 5.71 kg, and 0.36 kg of calcium carbonate (purity: 99%, produced by Konoshima Chemical Co.,
Ltd.) was used as an alkaline earth metal element raw material in place of the high-purity lanthanum oxide.

Example 12

[0094] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.18 kg, the amount of high-purity cerium
oxide was changed to 5.60 kg, and the amount of high-purity lanthanum oxide was changed to 0.22 kg.

Example 13

[0095] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.19 kg, the amount of high-purity cerium
oxide was changed to 5.26 kg, and the amount of high-purity lanthanum oxide was changed to 0.55 kg.

Example 14

[0096] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.20 kg, the amount of high-purity cerium
oxide was changed to 4.69 kg, and the amount of high-purity lanthanum oxide was changed to 1.11 kg.

Example 15

[0097] A composite oxide was produced in the same manner as in Example 9, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.21 kg, the amount of high-purity cerium
oxide was changed to 5.64 kg, and the amount of high-purity yttrium oxide was changed to 0.15 kg.
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Example 16

[0098] A composite oxide was produced in the same manner as in Example 9, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.21 kg, the amount of high-purity cerium
oxide was changed to 5.35 kg, and the amount of high-purity yttrium oxide was changed to 0.39 kg.

Example 17

[0099] A composite oxide was produced in the same manner as in Example 9, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.35 kg, the amount of high-purity cerium
oxide was changed to 4.86 kg, and the amount of high-purity yttrium oxide was changed to 0.79 kg.

Example 18 (not according to the invention)

[0100] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.59 kg, and 0.23 kg of high-purity neodymium oxide (purity: 99.9%, produced by Wako Pure
Chemical Ind. Ltd.) was used in place of the high-purity lanthanum oxide.

Example 19 (not according to the invention)

[0101] A composite oxide was produced in the same manner as in Example 8, except that in the preparation of the
starting material, the amount of high-purity zirconium oxide was changed to 4.17 kg, the amount of high-purity cerium
oxide was changed to 5.60 kg, and 0.21 kg of high-purity praseodymium oxide (purity: 99.9%, produced by Wako Pure
Chemical Ind. Ltd.) was used in place of the high-purity lanthanum oxide.

Comparative Example 1

[0102] A composite oxide was produced in the same manner as in Examples 1 and 8, except that in the preparation
of the starting material, no transition metal element raw material was used, and only 4.17 kg of high-purity zirconium
oxide and 5.83 kg of high-purity cerium oxide were used.

Evaluation Method

[0103] The specific surface area, average particle diameter, and OSC of the composite oxides obtained in the Examples
and Comparative Example, the half-width of the XRD, and the value of {I111/(I111+I222)} x 100 in the XRD (i.e., T value)
were each evaluated by the following methods.

Specific Surface Area

[0104] The specific surface area was measured by the BET method using a specific surface area measuring instrument
("Macsorb," produced by Mountech).

Average Particle Diameter

[0105] The ground composite oxides obtained in the Examples and Comparative Example were analyzed using a
laser diffraction/scattering analyzer ("LS230," produced by Coulter Co., Ltd.).

OSC: Oxygen Storage Capacity

[0106] First, the oxygen release initiation temperature and the amount of oxygen released were determined by tem-
perature-programmed reduction using hydrogen, which is called "H2-TPR," using a commercially available measuring
device (BEL Japan Inc., "Multitask T.P.R."). Further, the amount of oxygen absorbed was determined by the O2 pulse
method. Specifically, the amount of oxygen absorbed was measured through the following processes (a) to (g) in this order:

(a) The composite oxide was ground to form a powder, and 0.2 g of the powder was weighed.
(b) The weighed powder was set in a flow-type reactor, the temperature of the atmosphere was raised to 450°C,
600°C, or 750°C in a He flow, and the temperature was maintained for 1 hour.
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(c) The temperature of the composite oxide was adjusted to 450°C, 600°C, or 750°C.
(d) A predetermined amount of oxygen was introduced into the atmosphere.
(e) The amount of unabsorbed oxygen was confirmed with a thermal conductivity detector (TCD).
(f) The introduction of a predetermined amount of oxygen into the atmosphere in (d), and the confirmation of the
amount of unabsorbed oxygen in (e) were repeated until the amount of oxygen introduced and the amount of
unabsorbed oxygen were equivalent.
(g) The amount of oxygen absorbed, i.e., the OSC amount, was calculated by calculation. This calculation was
conducted by subtracting the amount of unabsorbed oxygen from the previously determined amount of oxygen
introduced.

[0107] The above OSC measurement was performed on both composite oxides before and after a heating endurance
test (Fresh). The heating endurance test was performed under either of the following two conditions: treatment of heating
5 g of composite oxide in an atmosphere of 1,000°C for 3 hours (hereinafter referred to as "heating endurance test 1"),
and treatment of heating 5 g of composite oxide in an atmosphere of 1,100°C for 3 hours (hereinafter referred to as
"heating endurance test 2").

T value

[0108] The value of {I111/(I111+I222)} x 100 (T value) was calculated based on the XRD chart obtained from the XRD
measurement of the composite oxide heated under the conditions of the heating resistance test 1. Specifically, in the
XRD chart, a diffraction peak appearing at 2θ = 14 to 15° was regarded as the (111) plane, and a diffraction peak
appearing at 2θ = 28.5 to 30.5° was regarded as the (222) plane; and the intensity ratio of these peaks was calculated
to thereby determine the T value. The XRD measurement was performed using RINT2500 (produced by Rigaku Cor-
poration) under the following measurement conditions.
[0109]

X-ray source: CuKα
Sampling interval: 0.02 degrees
Scanning speed: 1.0 deg/min
Divergence slit (DS): 1 degree
Divergence vertical limit slit: 5 mm
Scatter slit (SS): 1 degree
Receiving slit (RS): 0.3 mm
Monochrome receiving slit: 0.8 mm
Tube voltage: 50 kV
Tube current: 300 mA

[0110] A diffraction peak appearing at 2θ = 14 to 15° was regarded as the (111) plane, and a diffraction peak appearing
at 2θ = 28.5 to 30.5° was regarded as the (222) plane.

Table 1

Evaluation item
Comp. Ex. Ex.

1 1 2 3 4 5 6 7

Zr [mol%] 50.0 49.9 49.5 47.5 49.9 49.9 49.9 49.9

Ce [mol%] 50.0 49.9 49.5 47.5 49.9 49.9 49.9 49.9

Fe [mol%] - 0.2 1.0 5.0 - - - -

Mn [mol%] - - - - 0.2 - - -

Ni [mol%] - - - - - 0.2 - -

Cu [mol%] - - - - - - 0.2 -

Co [mol%] - - - - - - - 0.2

Specific surface area [m2/g] 0.8 0.8 0.8 0.6 0.7 0.9 0.8 1.0

Average particle diameter [mm] 10.7 9.9 9.3 10.8 9.4 10.1 9.7 9.9
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(continued)

Evaluation item
Comp. Ex. Ex.

1 1 2 3 4 5 6 7

600°C OSC (fresh) [mmol/g] 0.24 0.30 0.49 0.57 0.68 0.56 0.84 0.80

600°C OSC (1000°C33h) [mmol/g] 0.04 0.36 0.45 0.50 0.58 0.44 0.59 0.52

600°C OSC (1100°C33h) [mmol/g] 0 0.30 0.33 - 0.52 0.41 0.50 0.44

750°C OSC (fresh) [mmol/g] 0.54 0.59 0.65 0.65 0.85 0.70 0.85 0.85

750°C OSC (1000°C33h) [mmol/g] 0.29 0.46 0.55 0.59 0.63 0.55 0.61 0.65

750°C OSC (1100°C33h) [mmol/g] 0.19 0.44 0.45 - 0.55 0.51 0.55 0.54

T value (1000°C33h) [%] 0 1 2 2 1 1 1 1
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[0111] Fig. 3 shows an example of the results of XRD analysis of the four composite oxides obtained in Examples 1
to 3 and Comparative Example 1 before and after the heating endurance test, and Fig. 4 shows an example of the results
of XRD analysis of the five composite oxides obtained in Examples 8 to 11 and Comparative Example 1 before and after
the heating endurance test. Specifically, Figs. 3(a) and 4(a) show X-ray charts before the heating endurance test, and
Figs. 3(b) and 4(b) show X-ray charts after the heating endurance test 1.
[0112] Further, Tables 1 and 2 show the elemental composition (mol%) of the composite oxides obtained in the
Examples and Comparative Example, and the results of the specific surface area (m2/g), average particle diameter (mm),
OSC (mmol/g), half-width (degree), and T value (%). In Table 1, "600°C OSC (Fresh)" and "750°C OSC (Fresh)" refer
to, respectively, the OSCs at 600°C and 750°C of the composite oxide that is not subjected to the heating endurance
test. Moreover, "600°C OSC (1000°C x 3 h)" and "750°C OSC (1000°C x 3 h)" refer to, respectively, the OSCs at 600°C
and 750°C of the composite oxide after the heating endurance test 1. Furthermore, "600°C OSC (1100°C x 3 h)" and
"750°C OSC (1100°C x 3 h)" refer to, respectively, the OSCs at 600°C and 750°C of the composite oxide after the
heating endurance test 2. In Table 2, "450°C OSC (1000°C x 3 h)," "600°C OSC (1000°C x 3 h)," and "750°C OSC
(1000°C x 3 h)" refer to, respectively, the OSCs at 450°C, 600°C, and 750°C of the composite oxide after the heating
endurance test.
[0113] As is clear from Figs. 3(a) and 3(b), all of the composite oxides obtained in Examples 1 to 3 before and after
the heating endurance test showed a sharp peak at around 2θ/° = 15, which indicates the presence of a pyrochlore
phase. Moreover, the results of the above XRD analysis and the results shown in Table 1 indicated that all of the
composite oxides obtained in Examples 1 to 3 had a T value of 1 or more, and a half-width of 0.1 to 0.3 degrees. These
results demonstrate that a pyrochlore phase was confirmed in all of the composite oxides obtained in Examples 1 to 3
even after a heat treatment at 1,000°C to 1,100°C for 3 hours. Although not shown, the results of the same XRD analysis
also confirmed the presence of a pyrochlore phase in the composite oxides of Examples 4 to 7 before and after the
heating endurance test.
[0114] As is clear from Figs. 4(a) and 4(b), all of the composite oxides obtained in Examples 8 to 11 before and after
the heating endurance test showed a sharp peak at around 2θ/° = 15, which indicates the presence of a pyrochlore
phase. Moreover, the results of the above XRD analysis and the results shown in Table 1 indicate that all of the composite
oxides obtained in Examples 1 to 4 had a T value of 1 or more, and a half-width of 0.1 to 0.3 degrees. These results
demonstrate that a pyrochlore phase was confirmed in all of the composite oxides obtained in Examples 1 to 4 even
after a heat treatment at 1,000°C for 3 hours. Although not shown, the results of the same XRD analysis also confirmed
the presence of a pyrochlore phase in the composite oxides of Examples 12 to 19 before and after the heating endurance
test.
[0115] On the other hand, Fig. 3(b) and Fig. 4(b) show that in the composite oxide of Comparative Example 1, which
comprised only cerium and zirconium and did not contain a third element, the peak observed at around 2θ/° = 15
disappeared after the heating endurance test. This indicates that the pyrochlore phase was no longer present in the
composite oxide of Comparative Example 1 due to the heating endurance test.
[0116] As described above, it is revealed that the crystal structure of the cerium-zirconium-based composite oxides
obtained in Examples 1 to 7 after the heating endurance test is clearly different from that of the conventional product
free from a transition metal element (Comparative Example 1). Further, it is revealed that the crystal structure of the
cerium-zirconium-based composite oxides obtained in Examples 8 to 19 after the heating endurance test is clearly
different from that of the conventional product free from the element (b) (Comparative Example 1).
[0117] Fig. 5 shows the OSCs at predetermined temperatures of the composite oxides obtained in Examples 1 to 3
and Comparative Example 1 before and after the heating endurance test 1 or 2. Further, Table 1 shows the OSCs of
all of the Examples and Comparative Example 1. As is clear from Fig. 5 and Table 1, all of the composite oxides obtained
in Examples 1 to 7 had an OSC at 600°C of 0.3 mmol/g or more, and an OSC at 750°C of 0.4 mmol/g or more, after the
heating endurance test. In contrast, the OSC of the composite oxide of Comparative Example 1 after the heating en-
durance test was lower than those of the composite oxides of the Examples. This is because the composite oxide of
Comparative Example 1 does not form a pyrochlore phase after the heating endurance test.
[0118] Fig. 6 shows the OSCs at predetermined temperatures (450°C, 600°C, and 750°C) of the composite oxides
obtained in Examples 8 to 11 and Comparative Example 1 before the heating endurance test (Fresh) and after the
heating endurance test (1000°C x 3 hrs.). Further, Table 2 shows the OSCs of all of the Examples and Comparative
Example 1. As is clear from Fig. 6 and Table 1, all of the composite oxides obtained in Examples 8 to 19 had an OSC
at 450°C of 0.01 mmol/g or more, an OSC at 600°C of 0.05 mmol/g or more, and an OSC at 750°C of 0.3 mmol/g or
more, after the heating endurance test. In contrast, the OSC of the composite oxide of Comparative Example 1 after the
heating endurance test was lower than those of the composite oxides of the Examples. This is because the composite
oxide of Comparative Example 1 does not form a pyrochlore phase after the heating endurance test.
[0119] Fig. 7 shows profiles of temperature programmed reduction of the cerium-zirconium-based composite oxides;
(a) is a profile before the heating endurance test, and (b) is a profile after the heating endurance test 1 (after a heat
treatment at 1,000°C for 3 hours). Specifically, Fig. 7 shows the temperature-programmed reduction profiles of the
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composite oxides of Examples 1 to 3 and Comparative Example 1, and Fig. 8 shows the temperature-programmed
reduction profiles of the composite oxides of Examples 8 to 11 and Comparative Example 1.
[0120] As is clear from Figs. 7 and 8, the peaks of the composite oxides of Examples 1 to 3 and Examples 8 to 11
after the heating endurance test (Fig. 7(b) and Fig. 8(b)) shifted closer to the low temperature side than the composite
oxide of Comparative Example 1. This suggests that the oxygen absorption and release initiation temperature of the
composite oxides of Examples 1 to 3 and Examples 8 to 11 after the heat treatment is lower than that of the composite
oxide of Comparative Example 1. Further, the results of Figs. 7 and 8 reveal that the oxygen absorption and release
initiation temperature of the composite oxides of Examples 1 to 3 and Examples 8 to 11 was even lower after the heating
endurance test than before the heating endurance test. The oxygen absorption and release function was exhibited at a
lower temperature.
[0121] In light of the above, the composite oxides of the Examples have an excellent OSC, even though they do not
contain noble metal elements. Furthermore, because the crystal structure containing a pyrochlore phase is stably present
even after a heat treatment, the composite oxides maintain an excellent OSC even when they are exposed to a high
temperature. This demonstrated that the composite oxides of the Examples are catalyst materials that can exhibit high
catalytic activity and have excellent heat resistance.

Industrial Applicability

[0122] The cerium-zirconium-based composite oxide of the present invention is a material having an excellent OSC,
high catalytic activity, and excellent heat resistance. Accordingly, the cerium-zirconium-based composite oxide of the
present invention can be used as an exhaust gas purifying catalyst used for vehicles, etc., and can also be used as an
OSC agent for various catalyst applications. Therefore, the above composite oxide can make it possible to build a
purifying system having excellent purification performance.

Claims

1. A cerium-zirconium-based composite oxide comprising cerium, zirconium, and a third element other than these
elements;
wherein the third element is

(a) a transition metal element or
(b) at least one or more elements selected from the group consisting of rare earth elements and alkaline earth
metal elements;

the transition metal element (a) is iron;
the rare earth element is at least one element selected from lanthanum and yttrium;
the cerium-zirconium-based composite oxide has a pyrochlore phase before a heat treatment;
after a heat treatment at 1,000°C to 1,100°C for 3 hours,

(1) the composite oxide has a crystal structure containing a pyrochlore phase,
(2) when the peak intensity of a (111) plane measured by an X-ray diffraction method is regarded as I111, and
the peak intensity of a (222) plane is regarded as 1222, a value of {I111/(I111+I222)} x 100 is 1 or more, and
(3) the composite oxide has an oxygen storage capacity at 600°C of 0.05 mmol/g or more, and an oxygen
storage capacity at 750°C of 0.3 mmol/g or more; and

the third element is contained in an amount of 0.01 to 10 mol% in terms of oxide.

2. The cerium-zirconium-based composite oxide according to claim 1, wherein the third element is the transition metal
element (a); and
after a heat treatment at 1,000°C to 1,100°C for 3 hours, the composite oxide has an oxygen storage capacity at
600°C of 0.3 mmol/g or more, and an oxygen storage capacity at 750°C of 0.4 mmol/g or more.

3. The cerium-zirconium-based composite oxide according to claim 1, wherein the third element is (b) at least one or
more elements selected from the group consisting of the rare earth elements and alkaline earth metal elements; and
after a heat treatment at 1,000°C to 1,100°C for 3 hours, the composite oxide has an oxygen storage capacity at
450°C of 0.01 mmol/g or more.
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4. The cerium-zirconium-based composite oxide according to claim 3, wherein the rare earth element is at least one
member selected from lanthanum and yttrium; and
the alkaline earth metal element is at least one member selected from calcium and magnesium.

5. The cerium-zirconium-based composite oxide according to claim 3 or 4, wherein the at least one or more elements
selected from the group consisting of the rare earth elements and alkaline earth metal elements (b) are contained
in an amount of 0.01 to 10 mol% in terms of oxide.

6. The cerium-zirconium-based composite oxide according to any one of claims 1 to 5, wherein the cerium and the
zirconium are contained at a molar ratio of CeO2:ZrO2 = 1:9 to 9:1 in terms of oxide.

7. A method for producing the cerium-zirconium-based composite oxide according to any one of claims 1 to 6, the
method comprising the following steps (1) to (5):

(1) step 1 of preparing a starting material comprising a cerium raw material, a zirconium raw material, a third
element raw material other than these materials, wherein the third element raw material is:

(a) a transition metal element raw material or
(b) at least one material selected from the group consisting of rare earth element raw materials and alkaline
earth metal element raw materials;

(2) step 2 of heating the starting material at a temperature at or above a highest melting point among the melting
points of the raw materials contained in the starting material, by heating with an electric energy of 600 to 800
kWh/kg in terms of electric power consumption, and then heating with an electric energy of 800 to 1,000 kWh/kg
in terms of electric power consumption, thereby obtaining a molten material;
(3) step 3 of decreasing the temperature of the molten material to 100°C or less over 20 to 60 hours in air to
form an ingot;
(4) step 4 of grinding the ingot into a powder; and
(5) step 5 of heating the powder at 700 to 1,100°C.

Patentansprüche

1. Verbundoxid auf Basis von Cer-Zirconium, umfassend Cer, Zirconium und ein anderes drittes Element als diese
Elemente;
wobei das dritte Element

(a) ein Übergangsmetallelement ist oder
(b) mindestens ein oder mehrere Elemente ist/sind, das/die ausgewählt ist/sind aus der Gruppe bestehend aus
Seltenerdelementen und Erdalkalimetallelementen;

das Übergangsmetallelement (a) Eisen ist;
das Seltenerdelement mindestens ein Element ist, das ausgewählt ist aus Lanthan und Yttrium;
das Verbundoxid auf Basis von Cer-Zirconium vor einer Wärmebehandlung eine Pyrochlorphase aufweist;
nach einer Wärmebehandlung bei 1000° bis 1100 °C für 3 Stunden

(1) das Verbundoxid eine Kristallstruktur aufweist, die eine Pyrochlorphase enthält;
(2) wenn das durch ein Röntgenbeugungsverfahren gemessene Intensitätsmaximum einer (111)-Ebene als
1111 und das Intensitätsmaximum einer (222)-Ebene als I222 betrachtet werden, ein Wert von {I111/(I111 +
1222)} x 100 1 oder mehr ergibt, und
(3) das Verbundoxid eine Sauerstoff-Speicherkapazität bei 600 °C von 0,05 mmol/g oder mehr und eine Sau-
erstoff-Speicherkapazität bei 750 °C von 0,3 mmol/g oder mehr aufweist; und

das dritte Element in einer Menge von 0,01% bis 10 Mol-% in Bezug auf Oxid enthalten ist.

2. Verbundoxid auf Basis von Cer-Zirconium nach Anspruch 1, wobei das dritte Element das Übergangsmetallelement
(a) ist; und
nach einer Wärmebehandlung bei 1000° bis 1100 °C für 3 Stunden das Verbundoxid eine Sauerstoff-Speicherka-
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pazität bei 600 °C von 0,3 mmol/g oder mehr und eine Sauerstoff-Speicherkapazität bei 750 °C von 0,4 mmol/g
oder mehr aufweist.

3. Verbundoxid auf Basis von Cer-Zirconium nach Anspruch 1, wobei das dritte Element (b) mindestens ein oder
mehrere Elemente ist/sind, das/die ausgewählt ist/sind aus der Gruppe bestehend aus den Seltenerdelementen
oder Erdalkalimetallelementen; und
nach einer Wärmebehandlung bei 1000° bis 1100 °C für 3 Stunden das Verbundoxid eine Sauerstoff-Speicherka-
pazität bei 450 °C von 0,01 mmol/g oder mehr aufweist.

4. Verbundoxid auf Basis von Cer-Zirconium nach Anspruch 3, wobei das Seltenerdelement mindestens ein Vertreter
ist, der ausgewählt ist aus Lanthan und Yttrium; und
wobei das Erdalkalimetallelement mindestens ein Vertreter ist, der ausgewählt ist aus Calcium und Magnesium.

5. Verbundoxid auf Basis von Cer-Zirconium nach Anspruch 3 oder 4, wobei das mindestens eine oder die mehreren
Elemente, das/die ausgewählt ist/sind aus der Gruppe bestehend aus den Seltenerdelementen und Erdalkalime-
tallelementen (b), in einer Menge von 0,01% bis 10 Mol% in Bezug auf Oxid enthalten sind.

6. Verbundoxid auf Basis von Cer-Zirconium nach einem der Ansprüche 1 bis 5, wobei das Cer und das Zirconium in
einem Molverhältnis von CeO2:ZrO2 = 1:9 bis 9:1 in Bezug auf Oxid enthalten sind.

7. Verfahren zum Herstellen des Verbundoxids auf Basis von Cer-Zirconium nach einem der Ansprüche 1 bis 6, wobei
das Verfahren die folgenden Schritte (1) bis (5) umfasst:

(1) Schritt 1 des Herstellens eines Ausgangsmaterials, umfassend ein Cer-Rohmaterial, ein Zirconium-Rohma-
terial, ein anderes Rohmaterial des dritten Elements als diese Materialien, wobei das Rohmaterial des dritten
Elements:

(a) ein Übergangsmetallelement- Rohmaterial ist oder
(b) mindestens ein Material ist, das ausgewählt ist aus der Gruppe bestehend aus Seltenerdelement-
Rohmaterialien und Erdalkalimetallelement-Rohmaterialien;

(2) Schritt 2 des Erhitzens des Ausgangsmaterials bei einer Temperatur bei oder oberhalb eines höchsten
Schmelzpunktes unter den Schmelzpunkten der Rohmaterialien, die in dem Ausgangsmaterial enthalten sind,
durch Erhitzen mit einer elektrischen Energie von 600 bis 800 kWh/kg in Bezug auf den Verbrauch an elektrischer
Energie und danach Erhitzen mit einer elektrischen Energie von 800 bis 1000 kWh/kg in Bezug auf den Verbrauch
an elektrischer Energie, wodurch ein schmelzflüssigen Material erhalten wird;
(3) Schritt 3 des Abkühlens der Temperatur des schmelzflüssigen Materials bis 100 °C oder weniger über 20
bis 60 Stunden in Luft, um einen Barren zu bilden;
(4) Schritt 4 des Mahlens des Barrens zu einem Pulver; und
(5) Schritt 5 des Erhitzens des Pulvers bei 700° bis 1100 °C.

Revendications

1. Oxyde composite à base de cérium et de zirconium comprenant du cérium, du zirconium et un troisième élément
autre que ces éléments ;
dans lequel le troisième élément est :

(a) un élément de métal de transition ou
(b) au moins un ou plusieurs éléments qui sont sélectionnés parmi le groupe qui est constitué par les éléments
des terres rares et les éléments de métaux alcalino-terreux ;

l’élément de métal de transition (a) est le fer ;
l’élément des terres rares est au moins un élément qui est sélectionné parmi le lanthane et l’yttrium ;
l’oxyde composite à base de cérium et de zirconium présente une phase pyrochlore avant un traitement thermique ;
après un traitement thermique entre 1000 °C et 1100 °C pendant 3 heures,

(1) l’oxyde composite présente une structure cristalline qui contient une phase pyrochlore ;
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(2) lorsque l’intensité de crête d’un plan (111) qui est mesurée au moyen d’un procédé de diffraction par rayons
X est considérée comme étant I111 et que l’intensité de crête d’un plan (222) est considérée comme étant I222,
une valeur de {I111/(I111 + I222)} x 100 est égale à 1 ou plus ; et
(3) l’oxyde composite présente une capacité de stockage d’oxygène à 600 °C de 0,05 mmol/g ou plus et une
capacité de stockage d’oxygène à 750 °C de 0,3 mmol/g ou plus ; et

le troisième élément est contenu en une quantité de 0,01 à 10 % en pourcentage molaire en termes d’oxyde.

2. Oxyde composite à base de cérium et de zirconium selon la revendication 1, dans lequel le troisième élément est
l’élément de métal de transition (a) ; et
après un traitement thermique entre 1000 °C et 1100 °C pendant 3 heures, l’oxyde composite présente une capacité
de stockage d’oxygène à 600 °C de 0,3 mmol/g ou plus et une capacité de stockage d’oxygène à 750 °C de 0,4
mmol/g ou plus.

3. Oxyde composite à base de cérium et de zirconium selon la revendication 1, dans lequel le troisième élément est
(b) au moins un ou plusieurs éléments qui sont sélectionnés parmi le groupe qui est constitué par les éléments des
terres rares et les éléments de métaux alcalino-terreux ; et
après un traitement thermique entre 1000 °C et 1100 °C pendant 3 heures, l’oxyde composite présente une capacité
de stockage d’oxygène à 450 °C de 0,01 mmol/g ou plus.

4. Oxyde composite à base de cérium et de zirconium selon la revendication 3, dans lequel l’élément des terres rares
est au moins un élément qui est sélectionné parmi le lanthane et l’yttrium ; et
l’élément de métal alcalino-terreux est au moins un élément qui est sélectionné parmi le calcium et le magnésium.

5. Oxyde composite à base de cérium et de zirconium selon la revendication 3 ou 4, dans lequel les au moins un ou
plusieurs éléments qui sont sélectionnés parmi le groupe qui est constitué par les éléments des terres rares et les
éléments de métaux alcalino-terreux (b) sont contenus selon une quantité de 0,01 à 10 % en pourcentage molaire
en termes d’oxyde.

6. Oxyde composite à base de cérium et de zirconium selon l’une quelconque des revendications 1 à 5, dans lequel
le cérium et le zirconium sont contenus dans un rapport molaire de CeO2:ZrO2 = 1:9 à 9:1 en termes d’oxyde.

7. Procédé pour produire l’oxyde composite à base de cérium et de zirconium selon l’une quelconque des revendications
1 à 6, le procédé comprenant les étapes qui suivent (1) à (5) :

(1) une étape 1 de préparation d’un matériau de départ qui comprend un matériau brut de cérium, un matériau
brut de zirconium, un matériau brut de troisième élément autre que ces matériaux, dans lequel le matériau brut
de troisième élément est :

(a) un matériau brut d’élément de métal de transition ou
(b) au moins un matériau qui est sélectionné parmi le groupe qui est constitué par les matériaux bruts
d’éléments des terres rares et les matériaux bruts d’éléments de métaux alcalino-terreux ;

(2) une étape 2 de chauffage du matériau de départ à une température égale ou supérieure à un point de fusion
le plus élevé parmi les points de fusion des matériaux bruts qui sont contenus dans le matériau de départ, par
chauffage à l’aide d’une énergie électrique de 600 à 800 kWh/kg en termes de consommation d’énergie élec-
trique, puis par chauffage à l’aide d’une énergie électrique de 800 à 1000 kWh/kg en termes de consommation
d’énergie électrique, d’où ainsi l’obtention d’un matériau fondu ;
(3) une étape 3 de diminution de la température du matériau fondu jusqu’à 100 °C ou moins sur 20 à 60 heures
dans l’air pour former un lingot ;
(4) une étape 4 de broyage du lingot en poudre ; et
(5) une étape 5 de chauffage de la poudre entre 700 et 1100 °C.
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